Gated (4D) PET/CT has the potential to greatly improve the accuracy of radiotherapy at treatment sites where internal organ motion is significant. However, the best methodology for applying 4D-PET/CT to target definition is not currently well established. With the goal of better understanding how to best apply 4D information to radiotherapy, initial studies were performed to investigate the effect of target size, respiratory motion and target-to-background activity concentration ratio (TBR) on 3D (ungated) and 4D PET images. Using a PET/CT scanner with 4D or gating capability, a full 3D-PET scan corrected with a 3D attenuation map from 3D-CT scan and a respiratory gated (4D) PET scan corrected with corresponding attenuation maps from 4D-CT were performed by imaging spherical targets (0.5-26.5 mL) filled with 18 F-FDG in a dynamic thorax phantom and NEMA IEC body phantom at different TBRs (infinite, 8 and 4). To simulate respiratory motion, the phantoms were driven sinusoidally in the superior-inferior direction with amplitudes of 0, 1 and 2 cm and a period of 4.5 s. Recovery coefficients were determined on PET images. In addition, gating methods using different numbers of gating bins (1-20 bins) were evaluated with image noise and temporal resolution. For evaluation, volume recovery coefficient, signal-to-noise ratio and contrast-to-noise ratio were calculated as a function of the number of gating bins. Moreover, the optimum thresholds which give accurate moving target volumes were obtained for 3D and 4D images. The partial volume effect and signal loss in the 3D-PET images due to the limited PET resolution and the respiratory motion, respectively were measured. The results show that signal loss depends on both the amplitude and pattern of respiratory motion. However, the 4D-PET successfully recovers most of the loss induced by the respiratory motion. 
F-FDG in a dynamic thorax phantom and NEMA IEC body phantom at different TBRs (infinite, 8 and 4) . To simulate respiratory motion, the phantoms were driven sinusoidally in the superior-inferior direction with amplitudes of 0, 1 and 2 cm and a period of 4.5 s. Recovery coefficients were determined on PET images. In addition, gating methods using different numbers of gating bins (1-20 bins) were evaluated with image noise and temporal resolution. For evaluation, volume recovery coefficient, signal-to-noise ratio and contrast-to-noise ratio were calculated as a function of the number of gating bins. Moreover, the optimum thresholds which give accurate moving target volumes were obtained for 3D and 4D images. The partial volume effect and signal loss in the 3D-PET images due to the limited PET resolution and the respiratory motion, respectively were measured. The results show that signal loss depends on both the amplitude and pattern of respiratory motion. However, the 4D-PET successfully recovers most of the loss induced by the respiratory motion. The 3662 S-J Park et al 5-bin gating method gives the best temporal resolution with acceptable image noise. The results based on the 4D scan protocols can be used to improve the accuracy of determining the gross tumor volume for tumors in the lung and abdomen.
(Some figures in this article are in colour only in the electronic version)
Introduction
In recent years, combined PET/CT scanners have proven to be a significant improvement over traditional PET scanners. In particular, the integrated design produces a CT and PET dataset with inherently registered spatial coordinates. In addition, the use of CT as the transmission scan for attenuation correction of PET images has significantly decreased acquisition time (Townsend et al 2004) . Quantitative analysis of PET/CT images has become an established method for diagnosis, staging and prediction of tumor response (Dwamena et al 1999 , Pieterman et al 2000 , Weber et al 2003 , Gould et al 2003 , Antoch et al 2003 , Gayed et al 2004 , Lardinois et al 2003 . For radiotherapy, the combined information in the fused PET/CT image, high-resolution anatomic information from the CT and low-resolution metabolic information from the PET, has been used to delineate the gross tumor volume (GTV) (Vanuytsel et al 2000 , Caldwell et al 2001 , Erdi et al 2002 , Mah et al 2002 , Paulino et al 2003 , Bradley et al 2004 , Biehl et al 2006 .
However, signal recovery can be hindered by the limited spatial resolution of the PET scanner. Furthermore, respiratory organ motion is a major source of error in tumor localization using combined PET/CT due to mismatches of breathing patterns between the CT and the PET scans (Goerres et al 2002 , Beyer et al 2003 . The lower thorax, anterior chest wall and upper gastrointestinal tract are the regions most affected by respiration. Pevsner et al (2005) have demonstrated that spatial and temporal mismatches can cause a fluctuation in the measured activity concentration from PET images attenuation corrected with gated-CT images. In order to reduce the misalignment problem at the thorax, Pan et al (2005) and Chi et al (2007) have investigated the use of respiration-averaged CT (ACT) from gated-CT for attenuation correction of ungated-PET images. They showed that image artifacts induced from breathing can be significantly reduced by ACT. However, it was difficult to quantify tumor motion in PET images since these previous studies were performed with ungated-PET. Using a deep-inspiration breath-hold (DIBH) technique during the combined gated PET and CT acquisition can reduce respiration artifacts compared with a free breathing technique (Nehmeh et al 2007 , Meirelles et al 2007 . However, since image data are acquired at just one breathing phase in DIBH, it also does not enable the quantification of the amplitude of tumor motion. In addition, DIBH for radiotherapy applications, which range typically from 10 to 20 s, may not be feasible for very sick patients, especially those who have lung cancer. This limitation was clearly stated in the American Association of Physics in Medicine Task Group 76 (AAPM TG 76) report (Keall et al 2006) . The TG 76 reported that approximately 60% of lung cancer patients can not perform the DIBH reproducibly enough to permit its use. Therefore, applicability of the DIBH is limited by patient compliance.
As a possible solution to this problem, respiratory gating methods for both PET and CT scan with free breathing have been suggested (Nehmeh et al 2004a , 2004b , Wolthaus et al 2005 . These clinical feasibility studies showed that gated (4D) PET/CT has the potential to greatly improve the accuracy of radiotherapy target definition for treatment sites where internal organ motion is significant. However, the best methodology for applying 4D-PET/CT to moving target definition is not currently well understood.
With the goal of better understanding how to best apply the 4D information to radiotherapy target definition, in this initial study, we have investigated the combined effects of target size, target-to-background activity concentration ratio (TBR) and extent of respiratory motion on signal recovery of spherical targets in PET images obtained from three acquisition protocols:
(1) 3D-PET/3D-CT: a full ungated (3D) PET scan corrected with an ungated (3D) attenuation map from 3D-CT scan (helical scan mode) (2) 4D-PET/3D-CT: a respiratory gated (4D) PET scan corrected with an ungated (3D) attenuation map from 3D-CT scan (helical scan mode) (3) 4D-PET/4D-CT: a respiratory gated (4D) PET scan corrected with gated (4D) attenuation maps from 4D-CT scan (cine scan mode).
In addition, temporal resolution and image noise in the 4D-PET images were determined as a function of the number of gating bins. Optimum image thresholds which produce the true target volume by segmentation were also determined.
Materials and methods

Equipment and scanning modes
A PET-CT scanner (Discovery VCT, GE Medical System, Waukesha, WI) was used to acquire 3D and 4D image data. The PET scanner consists of 24 detector rings (88.6 cm diameter) which give a transaxial field of view (FOV) of 70 cm and an axial FOV of 15.7 cm. Each detector module consists of 4.7 mm × 6.3 mm × 30 mm bismuth germanate (BGO) crystals. With and without axial septa, transaxial resolution of the PET scanner is 5 mm and 5.7 mm full-width at half-maximum (FWHM) at 1 cm and 10 cm from the center of the FOV, respectively. Axial resolution is measured to be 4.8 mm and 5.6 mm FWHM at 1 cm from the center of the FOV with and without axial septa, respectively. The resolution was measured according to NEMA standard NU2-2001 and image data was reconstructed using a filtered back-projection (FBP) algorithm with a ramp filter having a cutoff at the Nyquist frequency. Using the detector setup for clinical application, the system sensitivity of the PET is 2.0 cps kBq −1 (8.5 cps kBq −1 ) with (without) axial septa. Coincidence timing window of 11.7 ns and lower energy threshold of 375 keV were used in the clinical scanning mode.
Volume imaging protocol (ViP) for lung and heart modes enables the acquisition of dynamic image data with respiratory and electrocardiogram (ECG) gate. For respiratory gating, patient respiratory motion was acquired using the Real-Time Position Management (RPM) Respiratory Gating System (Varian Medical Systems, Palo Alto, CA). During the 4D-PET emission scan, an infrared video camera mounted on the PET imaging table tracks the vertical displacement of two infrared markers on a plastic box attached on the abdomen. The RPM software initiates image data acquisition at each respiratory phase and records the time of each trigger with a frequency of 30 Hz. The collected photons were prospectively stored into phase frames during the 4D-PET scan.
The CT scanner has a 70 cm patient port which gives a maximum scan FOV of 50 cm. Gantry rotation speeds range from 0.35 to 2.0 s for full 360
• rotation scans. The slice thickness of projected data and reconstructed images can be preset between 0.625 and 5.0 mm. The x-ray tube voltage is variable between 80 and 140 kVp and the tube current is variable between 10 and 800 mA in 5 mA increments. The CT can acquire axial scans in sets of 2 through 64 contiguous images in one 360
• rotation. The CT scanner can be operated in scout, helical and cine scan modes. A scout scan is a topogram or a single radiographic plan image for scan localization and graphical presentation of prospective reconstruction and PET acquisition. The range matches the helical scan range. The helical mode is continuous 360
• scanning with zero inter-scan delay and simultaneous table movement. The helical scan can be acquired in a wide variety of speeds as noted above. The cine scan is a multi-slice acquisition with short inter-scan delays which significantly reduce potential mis-registration between scans by increasing the number of scans. During the cine scan, the RPM software records the CT tube ON/OFF status as well as the respiratory signal. The CT images from the cine mode were re-binned retrospectively based on respiratory phases with the RPM motion trace. The experimental setup, consisting of a 4D PET/CT scanner, a thorax phantom and RPM, is shown in figure 1.
Imaging protocols
2.2.1. 3D-PET/3D-CT protocol. The 3D-PET/3D-CT protocol is the most widely used method in clinic applications. A scout scan was acquired to determine the axial imaging range for the PET and the CT scan. The axial extent of the scout scan was automatically matched to the bed positions of the helical CT and PET scans to ensure fully quantitative attenuation and scatter correction of the PET data. Typical scout scan parameters used were 10 mA and 120 kV. The 3D-CT data were then acquired using a helical CT scan with scanning parameters of 140 kV, 75 mA, 3.75 mm slice thickness, and a gantry rotation period of 0.5 s. Following the CT scan, the 3D-PET data were acquired for 4 min per bed position in a high-resolution mode with the axial tungsten septa (0.8 mm thick and 5.4 cm long). Note that the high-resolution mode using axial tungsten septa is also known as '2D mode' compared with a high sensitivity mode without using septa which is also known as '3D mode' in the field of nuclear medicine. During the helical CT scan and 3D PET emission scan, the targets in the phantom were either at rest or moving sinusoidally along the longitudinal axis of the scanner to simulate respiratory motion. Since the helical CT scan provides only a 'snapshot' of the respiratory cycle, the image from the CT scan can vary depending on respiratory motion. Therefore, a time-averaged CT image may be better for attenuation correction of 3D-PET images (Pan et al 2005 , Chi et al 2007 . However, this protocol is commonly used for standard clinical acquisition.
PET images (128 × 128 × 47 for 60 cm transaxial FOV with 3.27 mm slice thickness) were reconstructed using an ordered subset expectation maximization (OSEM) algorithm (35 subsets, 2 iterations and 7 mm FWHM Gaussian post-filter) and were corrected for attenuation using the 3D-CT attenuation map (512 × 512 × 47 for 50 cm transaxial FOV with 3.75 mm slice thickness) in Hounsfield units (HUs). The corrections for scatter and random events were also incorporated in the OSEM algorithm. These reconstruction parameters are usually used in the standard clinical protocols for patient scan.
4D-PET/4D-CT protocol.
In the 4D-PET/4D-CT protocol, the 4D-PET data were acquired immediately following a scout. During the 4D-PET emission scan, the RPM was used to monitor and track the motion. The collected photons were prospectively stored into ten-phase bins during the 4D-PET scan (1 min/bin). In order to reject irregular breathing patterns of patients, an average rejection per minute was set to 12% bad cycles rejection with 60% allowed deviation in the gated mode acquisition. However, no rejection was detected in this study since there was no irregular motion cycle in the phantom experiment.
In order to create the CT attenuation correction phases that match every 4D-PET phase, the 4D-PET acquisition was followed by a 4D-CT acquisition. The 4D-CT data were acquired in a cine mode using a step-and-shoot technique at 120 kVp and 90 mA with a 2.5 mm slice thickness and a gantry rotation period of 0.5 s. A cine duration of 6 s was set based on one period of the phantom motion (4.5 s) plus 1 s (4.5 + 1.0 = 5.5 s). When the acquisition was completed, the motion file (RPM respiratory trace) including the CT tube ON/OFF state was recorded and transferred to the GE Advantage Workstation (Milwaukee, WI) with the 4D-CT image data. On the workstation, the 4D-CT images were re-binned with RPM data and the same number of CT phases as 4D-PET phases was created and sent back to the scanner console. On the scanner console, all PET phases were retrospectively reconstructed using the corresponding 4D-CT phases for attenuation correction. The same OSEM algorithm and reconstruction parameters used for 3D-PET/3D-CT protocol were used to reconstruct the data from each bin.
Phantom studies
2.3.1. Two different phantoms. The dynamic thorax phantom used in this study is manufactured by Computerized Imaging Reference Systems Inc. (Norfolk, VA). The phantom body shown in figure 2(a) represents an average human thorax in shape, proportion and composition. The phantom consists of three different materials that are density-equivalent with tissue, lung and bone (see figure 3) . A lung insert was made with lung-equivalent material as determined from the CT scan. The CT image shows −600 HUs for the custom-made lung insert. Hollow sphere phantoms (Data Spectrum Corporation, Hillsborough, NC) filled with fluorine-18 fluorodeoxyglucose ( 18 F-FDG) were inserted in the lung cylinder of the dynamic phantom (see figure 3 ). The lung insert was connected to a stepper motor that induces target motion through linear translation of the lung cylinder. In order to simulate respiratory motion, the lung cylinder was driven sinusoidally in the superior-inferior direction. Note that background activity could not be injected in the phantom for this study since the dynamic phantom is manufactured from solid materials that mimic lung, bone, and soft tissues within 1% from 50 keV to 25 MV for quality assurance of radiation therapy. The NEMA IEC body phantom shown in figure 2(b) was designed in accordance with the recommendations of the International Electrotechnical Commission (IEC) and modified by the National Electrical Manufacturers Association (NEMA) to evaluate whole-body PET performance. Since we could not inject background activity in the dynamic phantom, the NEMA IEC body phantom (Data Spectrum Corp, Hillsborough, NC) was used to investigate the effects of target size, respiratory motion, TBR, the number of gating phase bins versus image noise and temporal resolution, in the presence of background activity. The phantom consists of a body phantom (18 cm length and 9.8 L) and an insert with six hollow spheres of various sizes. In order to simulate respiratory motion using the NEMA phantom, we modified the dynamic thorax phantom by replacing the lung insert with a plastic rod attached to a movable platform (see figure 2(b) ). The NEMA phantom was placed on the platform and moved along the longitudinal axis of the scanner to simulate respiratory motion. In order to compare the 4D protocol with the 3D protocol, the 3D-PET/3D-CT, the 4D-PET/3D-CT and the 4D-PET/4D-CT protocols were used for the following phantom studies.
Target size.
In order to investigate the effect of target size, hollow sphere phantoms of 0.5, 1, 4 and 16 mL (9.89, 12.43, 19.79, and 31 .27 mm i.d., respectively) filled with an activity concentration of 2.5-9.6 µCi mL −1 of 18 F-FDG were inserted in the lung cylinder of the dynamic phantom (see figure 3) and were imaged using both the 3D and the 4D protocols.
To simulate background activity, the NEMA phantom consisting of a body phantom and an insert with six hollow spheres of various sizes (0.5, 1.2, 2.6, 5.6, 11.5 and 26.5 mL or 10, 13, 17, 22, 28 and 37 mm i.d.) was used.
18 F-FDG was injected into water in the body phantom for background activity and into the spherical targets to simulate hot lesions. The TBR in the phantom was 8.3 (0.83 µCi mL −1 in the target and 0.10 µCi mL −1 in background). The concentration of the background activity (∼0.14 µCi mL −1 ) was determined with a typical injected dose (10 mCi) to a 70 kg patient for whole body PET-CT imaging. For standard reference, the spheres filled with 1.9 µCi mL −1 of 18 F-FDG and no background activity in the body phantom were also imaged.
For data analysis, the recovery coefficients (RCs) in the volume-of-interest (VOI) were determined from 3D and 4D PET images acquired with the phantoms in a static mode and a dynamic mode. The RC can be expressed as
where A observed is activity observed in the VOI (Bq mL −1 ) and A true is the 'true' activity in the VOI (Bq mL −1 ) (Zhu et al 2005) . The prepared activity concentration was measured by a dose calibrator. The true activity in the ROI at the initiation of a scan was calculated by considering the injected-activity decay during the time interval between injection and the initiation of a scan. The RC max , calculated using the maximum activity concentration, is more sensitive to image noise than RC mean , calculated using the mean activity concentration in the VOI. However, RC mean can easily vary based on the VOI or the ROI which is difficult to determine in a moving object. Therefore, we used RC max in this study because of its consistency in data analysis, especially for the respiratory induced moving target. To detect the image pixel having maximum activity concentration in each target sphere automatically, an algorithm was developed and implemented in MATLAB (The MathWorks, Inc., Natick, MA).
Respiratory motion.
The effect of respiratory motion on RC in 4D-PET/4D-CT images was investigated. To simulate different respiratory speeds, the phantoms were translated sinusoidally with the following formula:
where y 0 is the baseline position at exhalation and A is the amplitude of the extent of motion. The peak-to-peak amplitudes were 0, 1 and 2 cm. τ , the respiratory cycle period, was fixed at 4.5 s. Two breathing curve pattern parameters, n = 1 and 4, were used. Based on patient studies published by our group (Ionascu et al 2007) and others (Lujan et al 1999 , Zhu et al 2005 , modeling the breathing curve using n = 4 closely resembles free breathing motion since exhalation takes about twice as long as inhalation. A representative breathing period was also determined from a previous study of respiratory induced motion of anatomical structures (Ionascu et al 2007) .
Attenuation correction.
In order to investigate the effect of volume mismatch on attenuation correction, 4D-PET images were produced using different 3D-CT data to generate the map for attenuation correction. Specifically, in addition to the helical 3D-CT study, CT images derived from the 4D-CT representing end inhalation (0%), middle exhalation (30%) and end of exhalation (50%) were also used for the purpose of attenuation correction to produce 4D-PET images. The influence of the attenuation correction was then evaluated by comparing the RCs from these image sets to those derived from a 'fully corrected' 4D-PET where each of the ten phases was explicitly corrected by a matching 4D-CT phase. Sinusoidal motion (2 cm amplitude and 4.5 s period) was used to drive the NEMA phantom for this and the following studies.
TBR.
Background activity in patients is unavoidable and it causes significant noise and contrast loss in PET images. In order to study the effect of background activity concentration on 4D-PET/4D-CT images, two TBRs, 8.3 (0.83 µCi mL −1 in the target and 0.10 µCi mL 2.3.6. Gating. In general, 4D-PET images have low counting statistics and high image noise compared to static 3D-PET images. Since the same number of coincidence events (or projections) in the 3D-PET scan is divided into many different respiratory phase bins or time frames, the number of coincidence events per image bin is considerably reduced. This leads to higher image noise in 4D-PET images. Therefore, there is a tradeoff between image noise and temporal resolution. Short-duration time per frame gives high temporal resolution but a noisy image. Long-duration time per frame gives low noise but blurred images resulting from the loss of temporal resolution.
In order to determine the effect of the number of gating bins (or the scan duration time per frame) on image noise and temporal resolution, analyses were performed with the NEMA phantom data obtained from the study in section 2.3.5. After the 4D-PET scan, the data were re-binned into 1, 2, 5, 10 and 20 phases. These are consistent with scan duration times of 20, 10, 4, 2 and 1 min/bin, respectively. The 4D-CT image data corresponding to the 4D-PET image phases were also re-binned based on the phase trace from the RPM and using the Advantage 4D application on the GE workstation. Each PET image data bin was corrected with the corresponding CT attenuation map and reconstructed using the OSEM algorithm. Note that 1-bin gating can be defined as a 3D-PET scan corrected with an averaged 4D-CT scan. This is distinct from 3D-PET/3D-CT using a helical CT scan.
In order to determine temporal resolution, the volume recovery coefficient (VRC) was defined as
where V measured is the measured target volume (mL) and V true is the 'true' target volume. The optimum thresholds were determined using 3D-PET images from the static phantom study. Then, the same threshold values were applied to the 4D-PET images acquired from the respiratory gating study to measure the target volumes. The VRC were calculated from the spheres (0.5-26.5 mL). The image statistics were evaluated by calculating the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR). The SNR is defined as the ratio of the average activity concentration measured in the target to the standard deviation. The higher the SNR, the less obtrusive the noise is. The SNR was calculated in the largest target sphere (26.5 mL) since the true volume is most easily delineated for this one. The CNR was calculated as
where T and B are the average activity concentrations (Bq mL −1 ) measured in the target and background region in the reconstructed image, respectively (Lartizien et al 2004) . σ 2 T ,B are the variances of these activities. Error propagation is used to derive this formula. For the background region, the VOIs were determined with the same size spheres at the center and at the left posterior corner of the NEMA phantom in background which does not include target spheres. The CNR refers to the ability of the PET to distinguish between various contrasts in an acquired image and the inherent noise in the image.
Threshold-volume.
Some clinical applications use thresholding methods to segment lesion volumes from 3D-PET images based on threshold-volume curves. However, when motion is present it is difficult to determine the optimum threshold. In order to measure the threshold needed to produce the true volume when respiratory motion is present, thresholdvolume curves at varying TBRs were obtained from the 4D-PET and 3D-PET images.
The threshold was defined as the percent of maximum activity concentration within the target volume. The threshold was increased from 0% to 100% in steps of 1%. At each threshold step, the target volume was estimated with the number of voxels that include activity concentration satisfying the threshold multiplied by the voxel volume (4.7 mm × 4.7 mm × 3.27 mm).
In the images obtained from section 2.3.6, the threshold values which give the true volumes of the spheres in the 3D and 4D-PET images were derived. For the 4D-PET images, 5-bin gating data were used in this analysis. The threshold-volume curves depend on TBR; therefore, curves were measured at TBR = 4, 8 and infinite.
Results
Target size and respiratory motion
The sphere location in the dynamic phantom is illustrated in the fused PET/CT images shown in figure 3. significantly reduced as shown in figures 4(b) and 5(b) using the 4D-PET/4D-CT protocol. The amplitude of 2 cm is clearly resolved with the number of slices between two peaks from 50% and 100% (or 0%) phase images (6 slices × 3.27 mm/slice = 19.62 mm).
The RC as a function of sphere size and motion amplitude is shown in figure 6 . This figure illustrates the strong impact of the partial volume effect on the RC calculated for sphere sizes from 10 mm to 30 mm in diameter. While an RC of 83% was achieved with the 4 mL (19.79 mm dia.) sphere, the RC from the 0.5 mL (10 mm dia.) sphere is significantly decreased at 24%, with no motion. Figure 6 also illustrates the RC as a function of motion amplitude from 3D and 4D PET images. For 4D-PET/4D-CT images, an average RC value from ten-phase images was used for each sphere in the plot. From the 3D-PET images, the RC of the 4 mL sphere decreases from 83% in a static mode to 78% and 58% with 1 and 2 cm motion amplitude, respectively. The result shows that while respiratory motion deteriorates signal recovery in proportion to motion amplitude, the 4D-PET successfully recovers most of the RC loss due to the motion. The RC from the 4D-PET images is greatly improved to 89% and 86% by gating 1 and 2 cm motion, respectively. The RC of the large sphere (16 mL and 31.27 mm dia.) is relatively less affected by respiratory motion amplitude. Figure 7 represents the percent recovery as a function of respiratory phase of the 4D-PET images. The 0.5 mL sphere in the dynamic phantom with a motion amplitude of 2 cm was scanned with the 4D-PET/4D-CT protocol. A motion trace from a single cycle recorded by the RPM is shown with the RC plot. The phase 0% (or 100%) and 50% indicates the end of inhalation and exhalation, respectively. The percent recovery is the activity concentration for the 0.5 mL sphere phantom obtained from the 4D-PET images at different respiratory motion phases relative to the activity concentration for the same sphere obtained from the 3D-PET images using the dynamic phantom in a static mode. While the 4D-PET can recover almost all the activity in the presence of motion, a slight decrease in RC is seen most noticeably around the 20-30% and 70-80% phases, which correspond to the highest velocity within the motion cycle. The minimum percent recovery of 91% from the 2 cm motion was found at the middle of exhalation and inhalation. The maximum percent recoveries were detected at the end of exhalation and inhalation.
Figures 8(a) and (b) show RC as a function of sphere size, respiratory motion amplitude and pattern without background activity and with a TBR of 8.3 using the NEMA phantom, respectively. The strong dependence on sphere diameter illustrates a significant partial volume effect. In addition, both phantom tests illustrate that motion reduces the RC determined by 3D-PET images while 4D-PET images can largely recover the signal lost due to motion. The RC plots from the two different breathing curve patterns (n = 1 and 4 in equation (2) with the amplitude of 2 cm) show that signal loss depends not only on respiratory motion amplitude but also on pattern. Figure 8(b) shows that background activity produces variation in RC when the amplitude of the target is small. Moreover, RCs > 1 are found in the large spheres (>22 mm dia.) from the 4D-PET images in figures 8(a) and (b). This overestimation of activity concentration in the target results from the higher image noise. As mentioned before, RC max is more sensitive to image noise than RC mean and the 4D-PET images have Table 1 . Percent ratio of the RCs of the 4D-PET corrected with the attenuation maps from the 3D-CT (a helical CT scan), the 4D-CT 0% (at the end of inhalation), the 4D-CT 30% (at the middle of exhalation) and the 4D-CT 50% (at the end of exhalation), respectively, to the RCs of the 4D-PET/4D-CT (at each corresponding respiratory phase) as a function of sphere size at TBR = 8.
Ratio (%)
Sphere RC (4D-PET/3D-CT)/RC RC (4D-PET/4D-CT 0% )/RC RC (4D-PET/4D-CT 30% )/RC RC (4D-PET/4D-CT 50% )/RC (mL) (4D-PET/4D-CT) (4D-PET/4D-CT) (4D-PET/4D-CT) (4D-PET/4D-CT) 0.5 98.6 ± 2.5 97.8 ± 2.7 100.4 ± 3.5 101.6 ± 2.1 1.2 98.8 ± 1.4 98.3 ± 1.1 99.9 ± 1.1 100.8 ± 1.3 2.6 99.0 ± 1.3 98.7 ± 0.9 99.9 ± 1.1 99.7 ± 1.0 5.6 99.1 ± 1.3 98.7 ± 0.5 99.7 ± 1.2 99.7 ± 0.8 11.5
99.1 ± 1.9 99.5 ± 0.9 100.2 ± 1.5 100.9 ± 1.0 26.5 99.5 ± 1.0 100.0 ± 1.1 100.2 ± 1.2 100.2 ± 1.1 poor statistics since the coincidence projections from the relatively low activity concentration (0.83 µCi mL −1 ) in the target were divided into ten respiratory phase bins.
Attenuation correction
The first column of table 1 summarizes the percent ratio of the RCs of the 4D-PET images corrected with the 3D-CT (helical) attenuation map to the RCs of the 4D-PET images corrected with the 4D-CT attenuation maps as a function of sphere size at TBR = 8. The percent ratios range from 98.6 ± 2.5% to 99.5 ± 1.0%. In addition, table 1 also presents the percent ratios of the RCs of the 4D-PET images corrected with the attenuation maps at the end of inhalation (4D-CT 0% ), the middle of exhalation (4D-CT 30% ) and the end of exhalation (4D-CT 50% ), respectively, to the RCs of the 4D-PET images corrected with the matching 4D-CT attenuation maps (4D-CT). The RCs in the 4D-PET/4D-CT 30% images are closer to the values in the 4D-PET/4D-CT than those in both the 4D-PET/4D-CT 0% and the 4D-PET/4D-CT 50% . This is because the attenuation map (4D-CT 30% ) obtained at the middle of exhalation works as a respiration-averaged CT averaging the CT maps acquired from the two extreme cases, the end of inhalation (4D-CT 0% ) and the end of exhalation (4D-CT 50% ), of the respiratory cycle. The thick solid line in each plot represents the standard reference which is the RC from the 3D-PET/3D-CT images of the phantom in a static mode. As expected, the RCs increase with the target size regardless of the number of gating bins used. In figures 10(a)-(c), using 1 (or no gating) and 2 gating bins reduced the RCs in comparison with the standard reference in each plot. RCs obtained using 5-bin gating were almost equal or very close to the standard reference values since the gating method recovers signal loss. However, the use of 10-20 gating bins resulted in the larger overestimations of RCs due to the poor counting statistics and high image noise. Furthermore, the RC curves show that this effect is more significant either as the sphere size gets larger or as the TBR decreases. figure 11 , the VRC are close to 1.0 using 5 gating bins. As expected, with fewer than 5 gating bins, the volumes of sphere were over-estimated due to the smearing effect resulting from motion. Beyond 10 gating bins, the volumes of spheres were under-estimated at TBR = infinite and over-or under-estimated at TBR = 8 and 4. Table 2 summarizes the SNR and CNR as a function of the number of gating bins at TBR = 8 and 4. We found good agreement between the background SNRs using two different TBRs (TBR = 4 and 8). This can be expected since the background activity concentrations are very close to each other (0.13 and 0.10 µCi mL −1 ). Table 2 also illustrates that the SNR and CNR deteriorate as the number of gating bins increases from 1 to 20. The SNR at TBR = 8 is lower than that at TBR = 4, while lesion detectability (CNR) at TBR = 8 is better than that at TBR = 4. The 5-bin gating, which is equivalent to the scan time used in the clinical 3D-PET scan protocol (4 min scan per one-bed position), gives 82% and 92% of the maximum CNR (with motion) obtained from the 1-bin gating (or ungated) at TBR = 4 and 8, respectively. Figure 12 depicts the optimum threshold applied to the PET images to measure the true volume of the targets at varying TBRs (TBR = infinite (no background activity), 8 and 4). The TBR-threshold-volume curves show that the optimum threshold exponentially decreases as the volume increases. In addition, the threshold increases as the TBR decreases. Moreover, figure 12(a) illustrates that the threshold applied to the 3D-PET images also increases when the targets are moving. However, figure 12(b) shows that the threshold values applied to the 4D-PET images of the moving targets are similar to those for the 3D-PET images of the targets at rest.
TBR and gating
TBR-threshold-volume
Discussions
Our study shows, quantitatively, the image degradation in the 3D images from signal loss which is induced from respiratory motion and demonstrates the possible benefits of the 4D-PET/4D-CT protocol to recover the loss. However, the result in figure 7 shows that, for a particularly small lesion, the signal recovery using 4D-PET is reduced at points in the respiratory cycle where the speed of the lesion is greatest. In addition, we have used sin and sin 4 functions with various amplitudes to simulate respiratory motion in this study. Figure 8 shows that the signal recovery depends on the amplitude and pattern of respiratory motion. This suggests that it may be beneficial to simulate real patient breathing motion to obtain a reasonable estimate of RC under clinical conditions. In order to simulate real patient respiratory motion, therefore, we are currently investigating 4D-PET/CT images using a more advanced 4D phantom (Washington University, School of Medicine, Saint Louis, MO), which can drive 3D internal organ motion and 1D external marker motion with real patient breathing data.
The 4D-PET/3D-CT protocol has also been investigated. We found that there is no significant difference in the results from this and the 4D-PET/4D-CT protocol in table 1. We believe that attenuation correction with 4D-CT did not affect the signal recovery because the NEMA phantom was completely filled with water. Heterogeneous anatomy such as lung and diaphragm with different attenuation coefficients may create artifacts in 4D-PET/3D-CT images. We are currently investigating the volume mismatch effect in attenuation correction using 3D and 4D-CT data in a heterogeneous phantom.
We found several limitations to the benefits of the gating method. In figure 10 , gating methods using too many bins (10-20 bins) for sampling respiratory phases, or equivalently too little time per bin, give significant overestimation of the activity concentration in the VOI. In figure 11 , the volumes of the targets were also over-or under-estimated depending on the moving target size and TBR. These were verified in table 2 with the degradation of the SNR and CNR as the number of gating bins is increased. Moreover, figures 9-11 and table 2 confirm that accurate estimation of the moving target volume (temporal resolution) and image signal with reasonable lesion detectability and image noise can be achieved with the 5-bin gating method (4 min/bin).
The segmentation of tumor volume in PET is usually performed with threshold methods by considering only the partial volume effect (Erdi et al 1995 , 1997 , DeNardo et al 1998 , Jentzen et al 2007 . Caldwell et al (2003) and Yaremko et al (2005) have investigated the respiratory motion effect in the threshold methods in 3D-PET and showed the potential to provide patientspecific motion volumes for an individualized internal target volume (ITV). However, they could not separate the tumor motion from the ITV. The TBR-threshold-volume curves in figure 12 clearly show the advantage of gating for detecting true target volume. Therefore, respiratory gating should be performed in the presence of large respiratory motion to accurately determine the GTV for clinical applications.
For image reconstruction, we have used the OSEM algorithm with fixed parameters (35 subsets, 2 iterations and 7 mm full FWHM Gaussian post-filter) which are normally used in clinical standard protocol for patient scans. However, there are several other image reconstruction algorithms such as FBP and maximum-likelihood expectation maximization (MLEM) in 2D and 3D mode and parameters including smoothing filters, cut-off frequency, the number of subsets and iterations that could affect the results, but have not been addressed in this study. Further studies are required to investigate the effect of these parameters on signal and volume recovery.
Conclusions
In this study, we evaluated the effects of target source size, respiratory motion and target-tobackground activity concentration ratio on signal recovery in PET images. The 3D and the 4D scanning protocols, 3D-PET with 3D-CT attenuation correction and 4D-PET with 4D-CT attenuation correction, were used to scan spherical targets in dynamic thorax and NEMA phantoms in static and dynamic modes. As expected, the experimental results demonstrate that the partial volume effect is dominant for small objects due to limited PET scanner resolution in both 3D and 4D PET images. In addition, respiratory motion significantly deteriorates signal recovery and this loss depends on both the amplitude and pattern of respiratory motion. However, gating (4D-PET/4D-CT scan) can successfully recover most of the RC loss induced by the motion. Furthermore, we investigated the effects of gating on image noise and temporal resolution. The 5-bin gating method gives the best temporal resolution (volume recovery coefficient) with acceptable image noise (signal-to-noise ratio and contrast-to-noise ratio). In the presence of motion, we also determined threshold values which, when applied to 3D and 4D PET images, best predict the true target volume for varying TBRs. The results demonstrated that the threshold values applied to the 4D-PET images for the moving targets are well correlated with the optimum threshold values applied to 3D-PET images for targets at rest. In addition, the value of 4D-PET is clearly demonstrated as these same thresholds significantly over-estimate the target volume if applied to 3D-PET images of moving targets.
